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Abstract 



Evidence for oscillations has been reported at LAMPF using the LSND 

detector. Further evidence for neutrino mixing comes from the solar neutrino deficit 
and the atmospheric neutrino anomaly. All of these anomalies require new physics. 
We show that all of these anomalies can be explained if the standard model is en- 
larged so that an unbroken parity symmetry can be defined. This explanation holds 
independently of the actual model for neutrino masses. Thus, we argue that parity 
symmetry is not only a beautiful candidate for a symmetry beyond the standard 
model, but it can also explain the known neutrino physics anomalies. 



I Introduction 

Recently, the LSND Collaboration has found evidence for — > oscillations [1]. 
If the anomaly in this experiment is interpreted as neutrino oscillations, then they 
obtain the range of parameters Am^ ~ 3 - 0.2 eV'^ and sin^ 2^ ~ 3 x 10~^ - 10~^. 
If the interpretation of this experiment is correct then it will lead to important 
ramifications for particle physics and cosmology. 

In addition to the direct experimental anomaly discussed above, and the theo- 
retical argument for non-zero neutrino masses from the observed electric charges of 
the known particles [2] , there are two indirect indications that the minimal standard 
model is incomplete. Firstly, there are the solar neutrino experiments [3]. There are 
four experiments which we summarise in table 1, below: 



Experiment 


Measurement 


SSM-BP 


SSM-TCL 


^^C1[SNU] 


2.23 ±0.23 


8± 1 


6.4 ±1.4 


Kamioka {§§^) 


0.50 ±0.04 ±0.06 


1±0.14 


0.77 ±0.17 


GALLEX[SNU] 


79 ± 10 ± 6 


131.5 ±7 


122.5 ±7 


SAGE[SNU] 


70+18+5 
' •5-16-7 







Table 1 Solar neutrino measurements and theoretical expectations within the Stan- 
dard Solar Model (SSM) of Bahcall and Pinsonneault [4], SSM-BP, and Turck-Chieze 
and Lopes [5], SSM-TCL. 

Note that the theoretical predictions for the flux of solar neutrinos involve a lot 
of assumptions, and the true theoretical value may be outside these errors. In 
particular the analysis by Turck-Chieze and Lopes [5] gives theoretical predictions 
for the experiments which are different to those of Bahcall and Pinsonneault [4] 
but which still seem to be too high to be consistent with the data (although it has 
been argued that the data and the theory may be in-agreement if one takes into 
account all sources of uncertainty [6]). In view of the above, we do not attempt to 
propose a particular physics solution which will make all of the experiments agree 
with the theoretical prediction of Bahcall et al [4] (as is sometimes done). If there 
is a solar neutrino problem and if new particle physics is the solution then any new 
particle physics which can reduce the number of solar neutrinos by a large fraction 
(e.g. 1/2) may be the cause of the apparent disagreement of theory with data. One 
interesting possibility, which we will assume, is that the deflcit of solar neutrinos is 
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due to vacuum neutrino oscillations [7]. In particular, if the electron neutrino is a 
maximally mixed combination of two states, then the number of neutrinos expected 
from the sun will be 0.5 that of the standard model (for a large range of parameters). 
This would be, in our opinion, an adequate "explanation" of the solar neutrino deficit 
[8]. 

Another experiment which seems to be in conflict with theory is the atmospheric 
neutrino experiment [9]. This experiment measures the ratio of v^/i^e interactions 
where the neutrinos are presumed to originate from cosmic ray interactions in the 
atmosphere. These experiments observe a deficit in the ratio of v^j,/ve interactions 
when the data is compared with theory. We summarise the situation below: 

Kamiokande 0.60 ± 0.07{stat) ± O.Q5{sys), , . 

1MB 0.55±0.05(stoi) ±0.10(sys)> 

where the data has been normalized to the theoretically expected ratio [10]. Re- 
cently, the Kamiokande group has examined atmospheric neutrino events with higher 
energy, ~ 1.3 GeV [11]. Because of the higher energy, they can search for path length 
dependence. They show that their data can be fit if the muon neutrino is a mixture 
of two states with the parameters 

Am^ ~ 10~^ey^ and sin^ 2^-1. (2) 

This result, together with the earlier Kamiokande and 1MB results strongly suggest 
that the muon neutrino is, at least approximately, a maximally mixed combination 
of two states. 

If intergenerational mixing is suppressed as it is in the quark sector, and also as 
suggested by the LSND experiment, then the only way to get vacuum oscillations 
large enough to explain the solar neutrino and atmospheric neutrino anomalies is if 
there exist additional light neutral particles. These additional light particles cannot 
belong to additional generations of the usual form, since these types of neutrinos 
couple to the Z-boson and are ruled out by LEP experiments. The only remaining 
possibilities are that the additional light neutrinos are either 

a) gauge singlets, 

b) are members of exotic SU{2)l multiplets [12], or 

c) are members of multiplets of a gauge symmetry [which is not SU (3)c <8) SU (2) l ® 

mr]- 

While gauge singlets might exist, we would expect them to be heavy, since their 
masses are not protected by electroweak symmetry. Similarly, if the additional neu- 
trinos are members of non-chiral multiplets, gauge symmetry does not protect their 
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masses, and we would expect them to be heavy. Exotic SU (2) l multiplets may exist, 
but are probably unlikely since the charged members of the multiplets have to be 
sufficiently heavy to avoid being detected in the decays of the Z, W gauge bosons. 
Also, the additional contributions to the oblique radiative corrections, which would 
be expected to be quite large, would have to cancel in order to reproduce the success 
of the standard model. This seems unlikely. Thus, the only remaining possibility 
is that the additional light neutrinos are chiral members of a gauge symmetry not 
contained in SU{3)c (8) SU{2)l (8) U{1)y- This additional gauge symmetry must be 
broken (since if it was unbroken, the additional neutrinos would be massless, and 
could not mix with the ordinary neutrinos), and the scale of symmetry breaking 
must be less than or not much greater than the clcctroweak symmetry breaking 
scale (since otherwise, the gauge symmetry would not protect the masses of the 
additional neutrinos) . [This observation would rule out simple grand unified models 
such as SO (10) as candidates, since, although they contain additional neutral neu- 
trino species, 5*0(10) symmetry breaking to the standard model gauge symmetry 
must occur at a scale significantly higher than the clcctroweak scale. The usual left- 
right symmetric model is also not appropriate since the scale of SU{2)r ® U{1)b-l 
breaking must also be significantly higher then the electroweak breaking scale.] 

In other words, the assumption that intergenerational mixing is small, which 
is supported by the LSND experiment and the small intergenerational mixing of 
the quarks, together with the large vacuum oscillations needed to explain the solar 
neutrino deficit and atmospheric neutrino anomaly, imply the existence of additional 
neutrino species. Furthermore, theoretical arguments suggest that these additional 
neutrino species should be chiral members of a gauge symmetry not contained in 
SU{3)c (E) SU{2)l (E) U{1)y- This additional gauge symmetry should be broken at a 
scale less than, or not much greater than the electroweak symmetry breaking scale. 

We believe that the most compelling model which contains additional neu- 
trino species which are chiral members of a gauge symmetry not contained in 
SU{3)c (8) SU{2)l U{1)y, is the standard model extended to include an exact 
parity symmetry. It has been known for a long time, but not widely appreciated, 
that an exact parity symmetry can be defined if the particle content and the gauge 
symmetry of the standard model is doubled [13]. Not only does exact parity symme- 
try demand the existence of additional light neutrino states, but more importantly 
if neutrinos are massive and parity is unbroken, then the weak eigenstate will be 
maximally mixed combinations of mass eigenstates [14, 15]. 

This means that for a large allowed range of parameters, the fiux of electron 
neutrinos from the sun will be predicted to be half that of the standard model, 
and the number of atmospheric muon neutrinos will be predicted to be half that of 
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the standard model. Both of these predictions are in good agreement with the data, 
whereas the standard model is not. 

The outhne of this paper is as follows: In section II we review the exact parity 
model. In section III we show that if neutrinos have mass and the ordinary and 
mirror neutrinos mix together, then in general the oscillations will be maximal. We 
show that this result can explain the solar neutrino deficit, the atmospheric neutrino 
anomaly, and is consistent with the LSND experiment. In section IV we give a 
naturalness argument, which indicates that the parameters needed to explain the 
atmospheric neutrino deficit and the LSND result together imply that the expected 
range of for solar neutrinos is in the correct range to explain the deficiency. In 
section V we illustrate the results of the previous experiments in a concrete model 
for neutrino masses. The model we use is the usual see-saw model extended so 
that it is parity symmetric. In section VI we examine a variant of the exact parity 
model, the exact C invariant model, which also has a mirror sector. This model has 
very similar predictions and is in general very similar to the exact parity model. In 
section VII we discuss the incompatibility of the exact parity model (and exact C 
model) with the standard big bang model of cosmology. In section VIII we conclude 
with some comments. 

II Exact parity symmetric models 

In the important paper on possible parity violation in weak interactions, Lee and 
Yang [13] not only suggested that parity could be violated in the weak interactions, 
but also pointed out that parity could be retained by enlarging the particle content 
to include a mirror sector. Since that time, a number of authors have returned 
to that idea [17, 18, 19]. In these works (with the exception of Rcf. [18] as we 
shall discuss later), it was thought that the mirror sector could not interact with 
ordinary matter, and hence was of only cosmological [19] and philosophical interest. 
Independently of these early works, H. Lew and ourselves [16] reahzed that parity 
could be conserved by enlarging the particle content to include a mirror sector. In 
our paper we wrote down the Lagrangian for that theory, we showed that it was 
sensible and unbroken parity was a possible vacuum of the Higgs potential. We also 
observed that the mirror sector could in fact interact with ordinary matter, and 
hence the idea is testable in the Laboratory. 

We now review the exact parity symmetric model [16]. To understand how 
parity might be conserved, consider a model which successfully describes present 
experiments. In particular, consider the minimal standard model. This model is 
described by a Lagrangian Ci. This Lagrangian is not invariant under the usual 
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parity transformation so it seems parity is violated. However, this Lagrangian may 
not be complete. If we add to L\ a new Lagrangian £2 which is just like L\ except 
that all left-handed (right-handed) fermions are replaced by new right-handed (left- 
handed) fermions which feel new interactions of the same form and strength, then 
the theory described by £ = £1 + £2 is invariant under a parity symmetry (under 
this symmetry C\ ^ £2)- In addition to these Lagrangian terms, there may also be 
terms which mix ordinary with mirror matter and which are parity invariant. We 
label this part of the Lagrangian as Lint- The terms in Lint are very important since 
they lead to interactions between ordinary and mirror matter, and hence allow the 
idea to be experimentally tested in the laboratory. 

If we apply the above procedure to the standard model then C\ is just the 
standard model Lagrangian. We now add the "mirror matter" as described above, 
so that the total Lagrangian consists of two parts £1 and £2. Then the gauge 
symmetry of the theory is 

5f/(3)i ® SU{2)i ® U{1), ® SU{3)2 ® SU{2h ® ^(1)2- (3) 

There are two sets of fermions, the ordinary particles and their mirror images, which 
transform under the gauge group of Eq. (3) as 

h - (L 2, -1)(1, 1, 0), Fn ~ (1, 1, 0)(1, 2, -1), 

en ~ (1, 1, -2)(1, 1, 0), El ~ (1, 1, 0)(1, 1, -2), 

ql ~ (3, 2, 1/3)(1, 1, 0), Qnr- (1, 1, 0)(3, 2, 1/3), (4) 

ur ~ (3, 1, 4/3)(l, 1, 0), Ul-- (1, 1, 0)(3, 1, 4/3), 

dR ~ (3, 1, -2/3)(l, 1, 0), Dl^ (1, 1, 0)(3, 1, -2/3), 

(with generation index suppressed). The Lagrangian is invariant under the discrete 
Z2 parity symmetry defined by 

^ 6-2^, ^ W2^, 5f ^ S2M, (5) 
h ^ IoFr, Br ^ 7o-Bl, Ql ^ IoQr, Ur ^ 7oC/l, dR ^ 7o-Dl, 

where G^{Gi^), Wf'iW^) and 5f (5^) are the gauge bosons of the SU{3)i [^^7(3)2], 
SU {2)i[SU (2)2], U{l)i[U{l)2] gauge forces respectively. The minimal model contains 
two Higgs doublets which are also parity partners: 

(/.i~(l,2,l)(l,l,0), 02~(1,1,O)(1,2,1). (6) 

Note that, although the parity symmetry is not of the standard form, it is theo- 
retically a perfectly reasonable candidate for a parity symmetry. It commutes with 
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the proper Lorentz group, interchanges x with -x and leads to a theory described 
by a Lagrangian which treats left and right on an equal footing. Also, by virtue of 
the CPT theorem, there will be an unbroken T symmetry which also connects the 
ordinary and mirror particles as partners (so that CPT has the usual form). 

An important feature which distinguishes this parity conserving theory from 
other such theories [20] is that the parity symmetry is assumed to be unbroken by 
the vacuum. The most general renormalizable Higgs potential can be written in the 
form 

h) = Ai(0l0i + - 2uY + A2(0l0i - 402)', (7) 

where Ai^2 and u are arbitrary constants. In the region of parameter space where 
Ai,2 > 0, 02) is non- negative and is minimized by the vacuum 

= (02) =(!!)■ (8) 

The vacuum values of both Higgs fields are exactly the same and hence parity is not 
broken by the vacuum in this theory [21]. 

If the solar system is dominated by the usual particles, then the theory agrees 
with present experiments. The idea can be tested in the laboratory because it is 
possible for the two sectors to interact with each other via Cinf In the simplest case 
that we are considering at the moment (where Ci is the minimal standard model la- 
grangian), there are just two possible terms (i.e. gauge invariant and renormalizable) 
in jCint- They are, 

(1) The Higgs potential terms A0| 010202 in Eq.(7) and 

(2) The gauge boson kinetic mixing term Cmix = SF^^^F^^'^, where = d/^Bl — 
d^Bl it = l,2). 

The principal phcnomcnological effect of the Higgs potential mixing term in (1) 
is to modify (quite significantly) the interactions of the Higgs boson. This effect 
will be tested if or when the Higgs scalar is discovered. The details have been 
discussed in Ref.[14]. The principal phenomenological effect of the kinetic mixing 
term in (2) is to give small electric charges to the mirror partners of the ordinary 
charged fermions. This effect has also been discussed previously [16, 18, 22]. The 
experimental bounds on 6 are quite weak (about 10~^ from searches for minicharged 
particles [23]), but a new experiment is underway [24] which will either improve this 
bound, or discover a minicharged fermion. If this fermion has the same mass as one 
of the known charged fermions, e.g. the electron mass, then it would give strong 
experimental support for the parity conserving model. Looking for minicharged 
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particles and studying the properties of the Higgs boson are the only two ways 
to experimentally test the minimal parity conserving model. Thus, despite the fact 
that exact parity symmetry necessarily predicts the existence of new light states, the 
observed agreement of present experiments (not including the neutrino anomalies) 
with the standard model can also be viewed as evidence for the parity conserving 
model. In fact, given that the Higgs particle is heavier than the LEP bound, the only 
way to discover the new physics predicted by the exact parity model (with existing 
experiments) is to search for mini-charged fermions which have the same masses as 
the known charged fermions. The situation changes dramatically if neutrinos have 
mass [14, 15] as we shall now discuss. 



Ill Neutrino mass and the exact parity symmetric model 

If neutrinos are massive, then this will provide an important new way for the mirror 
world to interact with the known world [14, 15]. This is important since it will allow 
the idea that parity is a exact symmetry of nature to be put to further experimental 
test. If neutrinos are massive, then Cint can contain neutrino mass terms which mix 
the ordinary and mirror matter. (Note that if electric charge is conserved, then it is 
not possible for Cint to contain mass terms mixing the charged fermions of ordinary 
matter with mirror matter, however neutrinos may be neutral so such mass terms 
are possible provided that the neutrinos have masses). 

To see the effect of the mixing of ordinary and mirror matter consider the electron 
neutrino. If there were no mirror matter, then small intergenerational mixing will 
imply that the weak eigenstate electron neutrino will be approximately a single mass 
eigenstate, fg, with mass m. However if mirror matter exists, then there will be a 
mirror electron neutrino ve- If neutrinos are Majorana states, then the most general 
mass matrix consistent with parity conservation [Eq.(5)] is 



Urn' m* 



+ H.C. 



(9) 



where m' is real (due to parity symmetry). Observe that the parameter m can 
be taken to be real by a choice of phase for Ug and ue- Diagonalizing this mass 
matrix, we easily obtain that the weak eigenstates i/e, are each maximally mixed 
combinations of mass eigenstates: 



'1 )L 



V2 
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(...r=^^:i^^, (10) 

where uf, z/f are the mass eigenstates. [Note that the superscripts (±) refer to 
the sign under parity transformation: Under parity, — +{1^1 Y, I'l — >■ —{^lY-] 
Thus, the effect of ordinary matter mixing with mirror matter is very dramatic. No 
matter how small the mass interaction term is, the mixing is maximal. We have 
shown this here by the specific case of one ordinary neutrino and its mirror. This 
result is actually more general as we shall see. 

This one generation example can easily be extended to three generations. Under 
the assumption that intergenerational mixing is suppressed, which is after all ex- 
pected considering what happens in the quark sector, and is supported by the LSND 
experiment, then the three generation case will be, to a first approximation, 3 copies 
of the mass matrix Eq.(9). Thus, if nature is described by a parity invariant La- 
grangian, and neutrinos are massive, then we would expect each of the three known 
weak eigenstate neutrinos to be, approximately, maximal mixtures of two physical 
states. Remarkably, the hypothesis that the electron and the muon neutrinos are 
maximal mixtures of two physical states solves two of the outstanding neutrino puz- 
zles. The solar neutrino deficit can be explained due to electron neutrino - mirror 
electron neutrino oscillation. The atmospheric neutrino anomaly can be explained 
due to muon neutrino - mirror muon neutrino oscillation. The LSND experiment is 
also accomodated, due to the small mixing between the first and second generations. 

What are the parameters needed to account for these phenomena? If we ignore 
the third generation, then there will be 4 light states, which will be combinations of 
the 4 weak eigenstates: ly^, ue, i^fj,, (i-e. the electron neutrino and its mirror, the 
muon neutrino and its mirror). If there were no intergerational mixing, then these 
4 weak eigenstates will each be maximally mixed combinations of mass eigenstates 
of the form: 



{i^erY 



a/2 ' 
V2 ^ 



= (11) 
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Of course, in the real world we expect intergenerational mixing, which means that 
the weak eigenstates will actually have the form: 



cosOu^j^ sm9h'2L cos0t/^^ sin 0^22, 

coseu^L , sinei/+^ cos0i/f^ sin^i/^^ 
— sin Oui]^ cos ^^2^, sin cos 01^^ 

-singi/+^ cosgi/^j^ sin0t/i~^ cos4)v^l ^.c.^ 

^"^^^ - + + ^ ^ 

where we have assumed that the mass matrix is real. The assumption that the mass 
matrix is real means that states can only mix with z/^ states, since a mixing 
term mviU2 is forbidden by parity invariance if m is real. Similarly the only 
mix with the i/^ states. In general, the weak eigenstates are maximal mixtures of 
the mass eigenstates states whether the mass matrix is real or complex. This can 
be understood by observing that the mass eigenstate field must also be a parity 
eigcnstatc otherwise parity would be broken. The most general form for the mass 
eigenstate field, assuming two generations, is: 

V'L = aVeL + (^{verY + l^nL + ^{vmrY, (13) 

where lap + + |7p + |5p = 1 Requiring that the mass term mipip [where ip = 
i^L + ii^hY]-! be invariant under parity, requires a — (5* and ^ — 5* which means 
that I a I = 1/9 1 and I7I = \8\. This means that in general, a mass eigenstate has 
a 1/2 probability of interacting like ordinary weak eigenstates z/g or and 1/2 
probability of interacting like mirror weak eigenstates ve or vm- This result can 
easily be extended to any number of generations. 

Thus restricting the mass matrix to be real does not matter as far as maximal 
mixing is concerned. This point was not fully understood in Ref.[15]. In Ref.[15] 
it was shown that under the assumption that the mass matrix was real, there is 
maximal mixing of the ordinary and mirror weak eigenstates with respect to the 
mass eigenstates. However, we have shown here that the reality condition is unnec- 
essary. Maximal mixing of ordinary and mirror matter is completely generic. It is 
an automatic consequence of the unbroken parity symmetry. 

In the particular case of a mass matrix involving only the minimal particle con- 
tent of three ordinary left-handed fields and their mirror partners, the only phases 
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which cannot be absorbed into the fields can be moved onto the intergenerational 
mass mixing terms, and thus, they do not have an important impact on the physics 
when the intergenerational mixing is small [25] . The assumption of a real mass ma- 
trix, has the advantage of simplicity, in that only two parameters 9, (f) are required 
to parameterize the intergenerational mixing (in the simple two generation case). 

If the four mass eigenstates {u^ , .U2 ■ 1^2 ) have masses m'l , m,i , ni^ , ^ then 
the parameters required to explain the solar neutrino deficit, atmospheric neutrino 
anomaly and LSND experiment are: 

3 X 10"^° eV^ ~ |Am?| = \mt'^ - m^^] ~ 10"^ el/^ 

|Am^| = |m^^ - m2^| ^ 10~^ eV"^ 

and 

(sin 29 + sin 2(/))^ ~ 3 x 10"^ - 10"^ ( 14) 

respectively. 

The range for \mi'^ — m^^^l is obtained by noting that we must average the 
oscillation probability by taking into account the region of emission of the sun, the 
region of absorption on Earth, and the energy spectrum of the source. In particular, 
for the case of 2 state maximal mixing, the averaged oscillation probablity is 1/2, 
and is applicable for jAm^l ~ 3 x IQ-^^el/^ [26]. The bound |Am?| ~ IQ-^eV^ 
comes from the atmospheric neutrino anomaly because we must require that the 
number of electron neutrinos should not be depleted in that experiment. Note that 
there is a Laboratory bound of |Amf | ~ 10~^ eV^[27]. 

For the atmospheric neutrino anomaly, a recent analysis of higher energy events 
has found a fiux dependence on the azimuthal angle [11]. This allows a determination 
of the mass difference which is |Am|| ~ lO^^eV'^ and the mixing has also been 
measured to be maximal, or nearly so (sin 2i/j ~ 0.7). The range of parameters 
for Ami Am| to explain the solar neutrino deficit and atmospheric neutrino 
anomaly, together imply that |m2^^ — m^"^! ~ |'^2^ ~ ^F^l- This has been used in 
Eq.(14) to express the range of parameters suggested by LSND as a constraint on 
1 777.2 ^ ~ 7771"^ I only. 

Note that in order to explain the atmospheric neutrino anomaly and the LSND 
result, it is necessary for |Ar77|| <S mf^ [28]. This is actually not unexpected since 
this hierarchy is achieved if the mass mixing term m'veL^ER, is much less than the 
diagonal terms 777PeL(^'eL)'^ + (e ^ E). This is not unexpected, since it is one way to 
understand the CKM matrix in the quark sector. The CKM matrix is approximately 
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diagonal, which can have a natural origin in non-diagonal masses being suppressed 
relative to the diagonal ones. If this also happens in the lepton sector, not just 
between different generations, but also between ordinary and mirror neutrinos, then 
it is natural to expect m' <^ m, and hence lAmll <^ mf^. 

We emphasise that if intergenerational mixing of the neutrinos is suppressed, 
then the exact parity symmetric model is predictive. It predicts that the electron 
neutrino oscillates into its effectively sterile mirror partner in a maximal way, so that 
the flux of solar electron neutrinos will be predicted to be 0.5 that of the minimal 
standard model (for a large range of Ami). The exact parity model also predicts 
that the muon neutrino will oscillate into its effectively sterile mirror partner also 
in a maximal way. In other words sin^ 2-(/' = 1 is another prediction. Both of 
these predictions are supported experimentally, and will be scrutinized more closely 
in the near future as more data is taken, and more experiments are done. This 
is especially true for the atmospheric neutrino anomaly. Experiments will also be 
able to determine if the muon neutrino oscillates into the tau neutrino or a sterile 
neutrino (for the parameters of interest for the atmospheric neutrino anomaly). If 
it is the tau neutrino, then the explanation given by the exact parity model is ruled 
out. Also, if the mixing is not approximately maximal, the parity model explanation 
will also be ruled out. It is also very important to realise that the planned SNO and 
Super-Kamiokande experiments will be able to test whether solar electron neutrinos 
oscillate into active or sterile species, given that they can detect neutral current 
processes. Our model of course predicts that these experiments should see a factor 
of two reduction in both charged and neutral current events. 

What can we say about the tau neutrino? As in the case of the electron and muon 
neutrinos, the tau neutrino should also be approximately a maximal mixture of two 
states. Thus, the exact parity model predicts that the tau neutrino should also 
oscillate into the effectively sterile mirror neutrino, also in a maximal way. Exact 
parity symmetry does not impose any restriction on the squared mass difference, so 
that the oscillation length is not theoretically constrained. However, if the neutrinos 
follow a hierarchical mass pattern, as the other fermions do, then the tau neutrino 
will be the heaviest neutrino, and the squared mass difference of the parity 
eigenstates will probably be at least as large as the Am^ for the second generation 
(which is 10~'^eV'^ according to the atmospheric neutrino anomaly). If this is the 
case, then it should be possible to experimentally observe the tau neutrino oscillate 
into its mirror partner. We would also expect small intergenerational mixing between 
the tau neutrino and the muon and electron neutrinos. This will also be possible to 
test experimentally. In fact, several existing experiments are currently searching for 
i/j- — oscillations. Our model does not give any indication for the tau neutrino 
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mass. Cosmological arguments suggest that the tau neutrino mass should be less 
than about 30 eV. This bound comes from demanding that the relic density of tau 
neutrinos not violate the energy density bound of the universe (note that there may 
also be an allowed window above about 1 MeV for the tau neutrino mass for which 
the tau neutrino decays rapidly enough to be within the cosmological bound). If 
charged leptons are anything to go by, then one might expect rriu^/my^ ~ mrlm^, 
which gives a tau neutrino mass of about 15 eV for a muon neutrino mass of 1 
eV. Obviously such a value would put the tau neutrino in the range for a hot dark 
matter candidate. However, without a predictive scheme for fermion masses it is 
not possible to draw any firm conclusions. 



IV A naturalness argument 

Given that Am| 10~'^eV^, and there is intergenerational mixing between the first 
and second generations as measured by the LSND experiment, then it is possible to 
calculate, under some simple assumptions, the contribution of Am^ induced from 
and the intergenerational mixing. Wc assume that the second generation 
neutrinos are much heavier than the first generation neutrinos, and the effects of 
the third generation can be neglected, at least approximately. In the u"^ basis, the 
mass matrix has the following simple form if the mass matrix is real: 

/ m'i+ (5i 
_ mt 

~ m'f 52 

y 52 1712 

Diagonalising this mass matrix, assuming the second generation neutrinos are heav- 
ier than the first generation neutrinos, i.e. mf <^ mf we find 

mf — — 5\/m2] ml — m{' — 5\/m2 ■ (16) 

Note that there are essentially two contributions to Amf. A contribution which 
depends on the 5i^2 parameters (and is also independent of m^) and there are also 
terms which depend on . The term which is independent of m-^ is calculable 
with the parameters identified in Eq.(14). The other terms which depend on m-^ arc 
unknown, however it would be unnatural for there to be a significant cancellation 
between the contribution we can calculate and the contribution we cannot (unless 
there is some crazy symmetry). Thus, assuming there is no fine tuning between the 
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and 5^/m2 contributions, then 

^ sin^ e (Ami) + (sin^ 6 - sin^ 0) )^ (17) 

where sin^^ = (5i/m^, sin0 = 82/ rn^ (and we have assumed that mf <^ ^2). The 
mixing angles sin 9, sin (f) parameterize the intergenerational mixing between the first 
and second generation, and are identical to the sin^, sin0 defined in Eq.(12). Thus, 
we expect 

Am? ~ sin^ (Am^), (18) 
with 9 — (j). Prom the LSND experiment, sin^ 20 > 10~^, so that we expect 

Ami ~ 10"' eV"". (19) 

Thus, it is interesting that the range of parameters necessary to solve the atmo- 
spheric neutrino anomaly, together with the intergenerational mixing as measured 
by the LSND experiment, imply that the range of parameters for Am? is expected 
to be in the range necessary to reduce the flux of solar electron neutrinos by a fac- 
tor of 2 (this occurs for Am? ~ 10~^°eV^). If there were no solar neutrino deficit, 
then the exact parity model would not be able to explain the atmospheric neutrino 
anomaly and simultaneously account for the LSND experiment in a compelling way. 
A deficit of solar neutrinos appears to be a necessary consequence. 

V The see saw model. 

Hitherto, we have discussed neutrino oscillations in the parity symmetric model 
without focussing on any particular model. This is possible, because parity sym- 
metry allows us to make the prediction that the weak eigenstates will be maximal 
mixtures of two states, independently of the details of where the masses come from. 
We now focus briefiy on a particular model. As is well known, in the standard model 
neutrinos must be massless. Thus, if neutrinos have non-zero masses the standard 
model must be modified. There are very few good ideas for understanding the 
smallness of the neutrino masses relative to the masses of the other fermions. The 
simplest possibility known at the moment is the see-saw model [29]. This involves 
assuming the existence of a gauge singlet right-handed neutrino which develops a 
large Majorana mass. The see-saw model is a simple way to understand the small- 
ness of the masses of the known (i.e. the three left-handed) neutrinos. In the usual 
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see-saw model there are two Weyl neutrino fields per generation. Denote these by 
vl and ur. The pl field is a member of a SU{2)l doublet while ur is a gauge sin- 
glet. The usual Higgs doublet can couple the vl and together and its vacuum 
expectation value will generate a Dirac mass term. Also, since we assume that i>r 
is electrically neutral it can have a bare Majorana mass term coupling it to itself. 
Thus we have two mass terms: 



2mpLiyR + MVr{vrY + H.c. 



(20) 



Note that M is a bare mass term, and can take any value, while m is a mass term 
which is generated when the electroweak gauge symmetry is broken. It is usually 
assumed that M ^ m, since M is not protected by the gauge symmetry. The mass 
matrix has the form: 



m 
m M 



^R 



+ H.C. 



(21) 



Diagonalising this mass matrix yields two Majorana mass eigenstates with masses 
rn^/M and M (assuming that M ^ m). If we denote the mass eigenstates by vught 
and Vheavy then they can be written in terms of the weak eigenstates as follows: 



nightL = COS i^L + sin ( 



[^R 



J^heavyR = - Siu {ulY + COS Ur, (22) 

where tan0 = m/M. Thus in the hmit M ^ m, we see that the hght state is 
essentially while the heavy state is essentially ur. 

The see-saw model is a simple extension of the standard model. As in the case of 
the standard model, it is straightforward to make it exactly parity invariant [15]. In 
this case, there are four Weyl neutrino fields per generation: vl, vr and their mirror 
images Nr, Nl- Under the parity symmetry vl^r <-> ^qNr^l. Note that since Nr is 
the parity partner of ly^ it belongs to an SU (2)2 doublet; while Nl being the parity 
partner of ur is a gauge singlet. [Recall that the gauge group is defined in Eq.(3) 
and the parity transformations are given in Eq.(5).] Assuming the minimal Higgs 
sector of one ordinary Higgs doublet and its mirror image, then the following mass 
terms are allowed (where for simplicity we examine only one generation): 

'-'mass 

= 2mi{i'Li'R + NrNl) + 2m2[i'L{NLY + Nr^urY] 
+Mi[Pr(i/r)^ + Nl{NlY\ + M2{DrNl + NLyR) + H.c. (23) 
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Note that mi, 2 are mass terms which arise from spontaneous symmetry breaking, 
while Mi^2 are bare mass terms. As in the case discussed above, we will assume 
that Mi^2 ^ "^1,2- We will first also assume that the masses are real. This is not 
an important restriction and it is the only way in which we depart from the most 
general case. Later we will coment on the general complex case. From Eq.(23) we 
see that the mass matrix has the form: 



^pLMiuLY + H.c., 



(24) 



where 



and 



jyL=[{iyLr,NR,UR,{NL) 



M = 



ciT 



1 





mi 


m2 










m2 


mi 




mi 


m2 


Ml 


M2 




\ m2 


nil 


M2 


Ml 


) 



(25) 



(26) 



The mass matrix can be simplified by changing to the parity diagonal basis — 
'^^^a/I^^ , and Vr = In this basis the mass matrix has the form 



M 



/ 





m+ 


\ 





m_ 







m_ 


M_ 







\ m+ 





M+ 


/ 



(27) 



where m± = mi ± 777.2 a-nd M± = Mi ± M2 . The mass matrix can now be easily 
diagonalised because it is essentially two copies of the 2x2 mass matrix Eq.(21). 
In the limit M± ^ m±, the mass matrix Eq.(27) has eigenvalues: 



ml/M+, ml/M_, M+, M_, 
and eigenvectors (which are the mass eigenstates): 



R- 



(28) 



(29) 



If we had started with Eq.(26) being the most general complex matrix, then Eq.(29) 
would still follow. To see this, observe that the heavy states with masses M±, are 
approximately mixtures of the ur and Nl fields, with small admixture of ul and Nr 
fields. Hence, the light states must be approximately comprised of ul and Nr fields. 
Since, by parity invariance, mass eigenstates must also be parity eigenstates (except 
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in the case where the states are degenerate), it follows that the light states (z/i, 1^2) 
must be approximately of the form given in Eq.(29) (since only these combinations 
are parity eigenstates) . Another way of saying this is that the heavy vr and 
fields decouple, leaving the two light neutrino states i>l and Nji, which must have a 
mass matrix of the form Eq.(9) by parity invariance. The discussion following Eq.(9) 
consequently holds for the see-saw model as well as the minimal model without gauge 
singlet neutrinos. 

Thus we conclude that in the one generation case, there is effectively only two 
state mixing: 



+ (30) 



Thus in this case the neutrino oscillation probability averaged over many oscillations 
is 1/2. In the physical case of three generations, in general i/^ and uj^ will each be 
linear combinations of mass eigenstates. The details depend on the precise form of 
the mass matrix. However, the assumption that intergenerational mixing is small 
means that the one generation result will be a good approximation, and that each 
weak eigenstate {veL-i ^^^l, ^tL and their mirror partners) will each be approximately 
a maximally mixed combination of mass eigenstates. 

The see-saw model illustrates the results of the previous sections in a concrete 
model. Similar results should also occur in any other model for neutrino masses, 
provided that there are nonzero neutrino-mirror neutrino mass mixing terms. 



VI Exact charge conjugation invariance? 

One variant of the exact parity model is an exact (unorthodox) charge conjugation 
invariant model. This is very similar to the exact parity model. The only difference 
is that the mirror particles are assumed to have the same chirality as the ordinary 
fermions (recall in the exact parity model, the mirror fermions have the opposite 
chirality to the ordinary fermions) . Explicitly, the gauge symmetry of the theory is 

SU(3)i ® SU(2)i ® C/(l)i SU(3)2 SU{2)2 ® U{1)2. (31) 

and the fermions consist of the ordinary particles and their C images, which trans- 
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form under the gauge group of Eq.(31) as 



h ~ (1, 2, -1)(1, 1, 0), ^ (1, 1, 0)(1, 2, -1), 

cr ~ (1, 1, -2)(1, 1, 0), Er ~ (1, 1, 0)(1, 1, -2), 

QL ~ (3, 2, 1/3)(1, 1, 0), Ql ~ (1, 1, 0)(3, 2, 1/3), 

~ (3, 1, 4/3)(l, 1, 0), Ur^ (1, 1, 0)(3, 1, 4/3), 

dR ~ (3, 1, -2/3)(l, 1, 0), L>R ~ (1, 1, 0)(3, 1, -2/3) 



(32) 



(with generation index suppressed). The Lagrangian is invariant under the discrete 
Z2 unorthodox C symmetry defined by 



As in the exact parity model, there are two Higgs multiplets, 0i and 02, which are 
partners under the discrete symmetry [the Higgs potential is the same as in the exact 
parity model, see Eq.(7)]. We denote this Z2 symmetry unorthodox C symmetry, 
since it is essentially unorthodox parity times ordinary CP [after relabeling {FrY as 
Fl etc.] . If ordinary CP were conserved, then the exact parity model would also be an 
exact unorthodox C invariant model. However ordinary CP is violated, so that the 
exact unorthodox C invariant model is similar but not exactly the same as the exact 
parity invariant model. Its testible predictions are also similar to the exact parity 
symmetric model, however they are not exactly the same. In particular, note that in 
general, even for complex mass matrices, the unorthodox C eigenstates 1/'^ and 
cannot be coupled together with a mass term. This is because P+z/~ —z/ under 
C transformation. Recall that in the exact parity symmetric model, z/+ and z/~ could 
mix together if the mass matrix was complex since under parity, — > (t/+)'^(t/~)'^. 
The two cases should be physically distinct if the mass matrix is complex, and this 
issue should be studied in order to determine precisely how the exact parity and exact 
C symmetric models could be differentiated experimentally. This issue however, we 
leave for future work. 

VII Conflict with standard big bang nucleosynthesis? 

The standard scenario of Big Bang Nucleosynthesis (BBN) can put constraints on 
the energy density of the universe when it has temperatures of the order of an MeV 
and below. This in turn can bound the number of relativistic degrees of freedom, 
which in the standard scenario comprise photons and neutrinos. Over the last few 



/l ^ Fl, cr ^ Er, 
Ql ^ Ql, ur ^URdR^ Dr 



(33) 
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years, the upper bound on the number of neutrino flavours has steadily decreased 
as increasingly more accurate astronomical and nuclear data have become available. 
Until very recently, these data were consistent with the SM prediction of A^j, = 3. 
However, a recent analysis [30] argues that the best fit is obtained with = 2, and 
furthermore that A*",^ = 3 is ruled out at 99.7% CL. There thus appears to be an 
incompatibility between the minimal SM of particle physics and the standard Hot 
Big Bang model of cosmology. Because of the previous apparent success of BBN, 
it has become standard practice to use compatibility with BBN to put constraints 
on extensions of the SM of particle physics. The new doubts about BBN also cast 
doubt on the veracity of this class of bound on new particle physics. It is possible, 
for instance, that Big Bang cosmology rather than the SM of particle physics will 
need to be altered because of this conflict [31]. 

If the mirror matter exists, then it will also be hard to explain the primordial 
abundances of light elements observed in the universe. This is because one expects 
three extra neutrino species, as well as the mirror photon to contribute to the en- 
ergy density of the early universe during the nucleosynthesis era. According to the 
standard theory, this will cause the universe to expand too rapidly and leads to 
unacceptable predictions for light element abundances (given the standard assump- 
tions). As discussed above, this is also the case for the SM, but the problem is even 
more severe in the exact parity model. Just as it is inappropriate to rule out the 
minimal SM from its incompatibility with BBN, it is also premature to rule out 
other particle physics models that do not accord with BBN. 

Nevertheless, it is interesting to speculate about how BBN and the exact parity 
model might be reconciled. One might think that this problem could be alleviated if 
the temperature of the mirror matter is assumed to be much less than the temper- 
ature of the ordinary matter. This could be due to some new physics at very high 
temperatures [32] or, possibly, divine intervention. However, the oscillations of the 
muon neutrino into the mirror muon neutrino, necessary to solve the atmospheric 
neutrino anomaly, would put the mirror neutrino in equilibrium with the ordinary 
matter. This result should follow from the analysis of a sterile neutrino mixing with 
the muon neutrino. The bound [33] 

sin^ 2^ ~ 10-^ ey^ (34) 

which should be obeyed to prevent sterile species from coming into thermal equi- 
librium due to oscillation, is violated by the parameters necessary to solve the at- 
mospheric neutrino anomaly. The mirror weak interactions should put the mirror 
muon neutrino into equilibrium with the entire mirror sector. It seems then that 
either (a) some modification of the usual nucleosynthesis scenario is required, or 
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(b) some assumptions that underlie the derivation of Eq. (34) need to be examined. 
Some ideas include: 

1) One important assumption behind Eq.(34) is that the neutrino-antineutrino asym- 
metry is not much larger than the baryon-antibaryon asymmetry. Suppose instead 
that the initial v — V asymmetry is much larger than the baryon-antibaryon asym- 
metry (but still small enough to negligibly affect the expansion rate of the universe) , 
for example AL = Ariu/n^ ~ 10~^. Previous work [33] has shown that for AL below 
a critical value, the dynamical evolution of neutrino and antineutrino number den- 
sities reduces AL to zero. If on the other hand AL is above this critical value, then 
the initial AL can persist [34, 35]. A nonzero AL can severely suppress the tran- 
sition rate from active to sterile neutrinos. For such large values of AL the bound 
Eq.(34) does not apply, and reconciliation between the sterile neutrino solution to 
the atmospheric neutrino anomaly is possible [35]. 

2) There could exist a large negative cosmological constant at the nucleosynthesis 
era, which would slow down the expansion rate of the universe at early times, which 
would have the opposite effect to increasing the number of neutrino species. We do 
not know if such a possibility has been seriously considered in the literature before, 
but it seems interesting to us. Of course, the cosmological constant today would 
have to be much smaller than at the time of nucleosynthesis. Such a time-dependent 
cosmological constant may be difficult to implement in a natural manner. 

3) The non-zero neutrino masses could be due to some new electroweak symmetry 
breaking mechanism at some quite low scale (~ 1 MeV). This symmetry breaking 
scale could be associated with a phase transition in the early universe, so that the 
neutrinos are effectively massless at temperatures above about 3 MeV (i.e. the 
temperature where the neutrinos go out of thermal equilibrium). If this happens, 
then in the early universe the oscillations do not occur and the mirror sector does not 
come into equilibrium with the ordinary sector (at least not through the mechanism 
of neutrino oscillations). Thus, a temperature difference between the ordinary and 
mirror worlds could be maintained if it was set up doing very early times due to 
physics at extremely high energies. 

4) It has been shown that if the tau neutrino is very heavy, between 1 and 10 MeV, 
then the total energy density in the early universe can be doubled without conflict 
with nucleosynthesis provided that the tau neutrino decays in a particular range 
of lifetimes and includes electron neutrinos in its decay products [36, 37, 38]. The 
electron neutrinos in the decay of tau neutrinos convert neutrons into protons, which 
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has the opposite effect to increasing the energy density in the early universe. 

5) It is rather theoretically appealing to have parity symmetry unbroken by the 
vacuum. However it is worthwhile, in view of the nucleosynthesis difficulties, to 
mention another possibility. It is possible that the parity symmetry in the exact 
parity symmetric model is slightly broken [39] . In this case, the large angle neutrino 
oscillations would no longer be an automatic consequence of the parity symmetry. 
However, if the symmetry is only broken slightly then large angle neutrino oscil- 
lations would still occur for a large range of parameters. Below we illustrate how 
having parity slightly broken can lead to a model with acceptable nucleosynthesis 
predictions. 

If we assume that the parity symmetry is spontaneously broken in such a way 
that the mirror photon is massive (i.e. mirror electromagnetism is spontaneously 
broken) [40], and heavier then the mass of the mirror electron and mirror positron, 
then this means that the mirror photon will be unstable and rapidly decay into mirror 
electron-positron pairs. If we also assume that the mirror electron is still the lightest 
charged mirror fermion, but its mass is changed so that it is slightly heavier that the 
ordinary electron {rrie < m^; ~ 3 MeV), then the mirror electron-positron pair can 
annihilate into ordinary electrons and positrons via an intermediate mirror photon 
[the ordinary electron-positron pair can interact with the mirror photon because of 
the U{1) kinetic mixing term] [41]. This will be the dominant annihilation channel 
since we are assuming that the annihilation into mirror photons is not kinematically 
allowed. 

Thus, in the early universe, when the temperature drops to a few MeV, the 
mirror electrons and positrons will begin to annihilate into the ordinary electrons 
and positrons. Thus, if they were in equilibrium before this time (which is what we 
would expect), then the annihilation of the mirror electrons and mirror positrons will 
heat the ordinary electrons, positrons and ordinary photons (but not the neutrinos, 
since they have already decoupled). These particles will be hotter than the neutrinos 
because of this heating. Below the temperature of 1 McV, the ordinary electrons 
and positrons have disappeared as well, leaving only the photons and neutrinos (3 
ordinary neutrinos as well as 3 mirror neutrinos). Using the usual methodology (i.e. 
conservation of entropy), we can calculate the temperature of the neutrinos relative 
to the photons, which is 

Tu = Q) ' T,. (35) 

Note that the temperature of the neutrinos is significantly less than the usual, stan- 
dard value of (4/11) sT^ because of the mirror electron - mirror positron annihilation. 
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Thus, the energy density of the neutrinos is reduced because of this reheating by a 
factor 



4 ^ ^ 4 



211\3 /11\3 ^ ^ 

= - (36) 



.9 4 7 Vl8/ 

where we have used the fact that the energy density is proportional to the fourth 
power of the temperature. However, this reduction in energy density is compen- 
sated because there are twice as many neutrino species (3 ordinary plus 3 mirror 
neutrinos). Thus, we end up with an effective energy density of neutrinos which is 
essentially the same as the standard model case (since 2 x 0.52 ~ 1). 

6) Finally, note that the suggestions (l)-(5) all involve working within the standard 
big bang model of cosmology. It could be that a more radical modification of cos- 
mology is required. One should keep in mind that the standard cosmological model, 
although simple, and quite successful, also has many open problems. Due to the 
nature of cosmology, it is difficult to rigorously test the standard theory and it is 
possible some fundamental changes could be necessary. We should keep an open 
mind [42]. 

While the exact parity model has problems explaining the light element abun- 
dances within the framework of the standard big bang model, there are other obser- 
vations which can be viewed as evidence in favour of the exact parity model. There 
is evidence on both large and small scales that there is additional matter, called dark 
matter which has so far escaped direct observation. The exact parity model provides 
a candidate for the dark matter, which is matter comprised of mirror particles [19]. 

Finally, note that one cosmological advantage of having parity unbroken as op- 
posed to spontaneously broken is that there will be no domain walls. Domain walls 
tend to be a problem for theories with spontaneously broken symmetries [43], since 
the energy density of domain walls can overdose the universe. 



VIII Conclusions 



The exact parity symmetry is a theoretically appealing symmetry beyond the stan- 
dard model. It is also experimentally appealing, since it predicts the existence of 
additional light neutrino species, which, due to the parity symmetry, automatically 
lead to a large angle neutrino oscillations. These oscillations are consistent with the 
observations of atmospheric neutrinos and the solar neutrino flux. 

Thus, the main conclusion is that the atmospheric neutrino anomaly, the so- 
lar neutrino deficit and the LSND experiment are all consistent with the predic- 
tions/expectations of the standard model extended to include an exact unbroken 
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parity symmetry. This explanation will be tested more rigorously in the near fu- 
ture as more data is analysed from existing and several new experiments (SNO and 
Super-Kamiokande for instance). It is a remarkable prospect that exact parity in- 
variance may have to be reconsidered as a serious candidate for an exact symmetry 
of nature. We eagerly await the experiments! 

Note Added 

After placing this manuscript on the e-print archive hep-ph, a paper by Z. 
Berezhiani and R. N. Mohapatra appeared ( |hep-ph / 9505385| ) which also deals with 
a mirror matter model in the context of neutrino anomalies, but in a different way. 
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